The speed of protein synthesis determines the growth rate of bacteria. Current biochemical estimates of the rate of protein elongation are small and incompatible with the rate of protein elongation in the living cell. With a cell-free system for protein synthesis, optimized for speed and accuracy, we have estimated the rate of peptidyl transfer from a peptidyl-tRNA in P site to a cognate aminoacyl-tRNA in A site at various temperatures. We have found these rates to be much larger than previously measured and fully compatible with the speed of protein elongation for E. coli cells growing in rich medium. We have found large activation enthalpy and small activation entropy for peptidyl transfer, similar to experimental estimates of these parameters for A site analogs of aminoacyl-tRNA. Our work has opened a useful kinetic window for biochemical studies of protein synthesis, bridging the gap between in vitro and in vivo data on ribosome function.
INTRODUCTION
The first high-resolution crystal structure of the 50S ribosomal subunit showed the peptidyl-transfer center of ribosomes from H. morismortui to consist of RNA, with the nearest peptide moiety more than 10 Å away from the catalytic center . This finding strongly implicated the ribosome as a ribozyme, catalyzing peptide bond formation by 23S rRNA, as previously emphasized by Harry Noller and collaborators (Noller, 1991) . In spite of the insights offered by the 50S structure and, in spite of several early mechanistic suggestions (Hansen et al., 2002; Moore and Steitz, 2003; Muth et al., 2000; Nissen et al., 2000) , understanding of the detailed chemical mechanism for peptidyl transfer lingered. In the meantime, kinetic studies of peptidyl transfer to the aminoacyl-tRNA analog puromycin carried out at different temperatures and compared with observations of the uncatalyzed rate of peptide bond formation suggested that the ribosome strongly reduces the activation entropy of peptidyl transfer and, unexpectedly, increases the activation enthalpy in relation to the uncatalyzed reaction (Schroeder and Wolfenden, 2007; Sievers et al., 2004) . The activation entropy measures how much more ordered the transition state is compared to the ground state of a reaction, while the activation enthalpy mainly measures the difference in potential energy between transition state and ground state. Accordingly, the potential energy barrier for peptidyl transfer is higher in the ribosomecatalyzed than in the spontaneous reaction, while transition state and ground state are equally ordered in the ribosome-catalyzed reaction, although the transition state is much more ordered than the ground state in the spontaneous reaction. Based on a series of 50S subunit structures, Steitz and collaborators suggested a more convincing mechanism for the 23S rRNA-based peptide bond formation (Schmeing et al., 2005a (Schmeing et al., , 2005b . Independently, Å qvist and Trobro used molecular computations, based on an earlier 50S crystal structure (Hansen et al., 2002) , to identify a similar mechanism for peptidyl transfer and to estimate the activation enthalpy and entropy for ribosome catalyzed peptide bond formation Å qvist, 2005, 2006) . These quantitative predictions regarding the temperature dependence of the rate of ribosome-catalyzed peptidyl transfer were in line with the data from Sievers et al. and explained how, through the preservation of an H bond network from ground state through the transition states of the reaction, the entropy contribution to the free energy barrier for peptide bond formation is greatly reduced but the activation enthalpy is increased in relation to the uncatalyzed reaction. However, these insights into the mechanism of peptide bond formation from crystal structure and molecular computation have not been available for experimental validation with respect to authentic peptide bond formation on the ribosome, where a nascent peptide chain is transferred from a native peptidyl-tRNA in the P site to a native aminoacyl-tRNA in the A site. The reason is that in current biochemical systems for peptidyl transfer on the ribosome, the tRNA accommodation into the A site, preceding peptide bond formation, appears to be rate limiting for the peptidyl-transfer reaction . This means that the suggested mechanism for peptidyl transfer (Schmeing et al., 2005a (Schmeing et al., , 2005b Å qvist, 2005, 2006) and its predicted kinetic consequences (Trobro and Å qvist, 2006) have only been experimentally tested in model systems (Sievers et al., 2004) .
One difficulty with using authentic aminoacyl-tRNA rather than an analog for such experimental tests is the complexity of the authentic pathway for tRNA selection by the mRNA-programmed ribosome (Figure 1 ). Aminoacyl-tRNAs enter the ribosome in ''ternary complex'' with the GTPase ''elongation factor Tu'' (EF-Tu) and GTP. Ternary complex binding to the ribosome is followed by a number of steps, eventually leading to GTPase activation of EF-Tu and GTP hydrolysis, followed by a major conformational change of EF-Tu and its release from the ribosome. After or in parallel with this latter event, the aminoacyl-tRNA accommodates by docking of its CCA end to the peptidyl-transfer center in the large ribosomal subunit . This means that the study of the chemistry of peptidyl transfer is rendered difficult by the existence of a long chain of preceding events.
Single turnover measurements of ribosome-catalyzed GTP hydrolysis on EF-Tu and subsequent peptidyl transfer were pioneered by Robert Thompson and collaborators, and they proved the existence of GTP driven-proofreading of aminoacyl-tRNAs in protein synthesis (Thompson et al., 1981; Thompson and Stone, 1977) . Subsequently, single turnover experiments were performed for a poly(U)-based system for protein synthesis (Bilgin et al., 1992) . Here, the rate constants for GTP hydrolysis and peptidyl transfer at 37 C were estimated as 100 s À1 and 50 s À1 , respectively. From these experiments, and more indirect estimates of the rate of mRNA translocation (Saarma et al., 1997) , an overall rate of protein elongation in the bacterial cell was estimated as about 18 peptide bonds per ribosome per second. This estimate is close to the 22 s À1 average protein elongation rate estimation based on in vivo data for E. coli cells growing at 37 C in rich medium . More recently, extensive single turnover experiments, based on experiments using quench flow and stopped flow with fluorescence detection, have been reported by Rodnina and collaborators to map the kinetics of peptide bond formation from association of ternary complex via GTP hydrolysis to the transfer of nascent peptide from P site to A site tRNA . From these data a detailed picture with many previously uncharacterized steps of the ribosomal reaction pathway has been painted. This work represents a great step forward in ribosome research, although the kinetics of these more recent experiments is not consistent with estimates of the rate of protein elongation in E. coli. The slow tRNA accommodation in the A site reduces the rate of protein elongation to between 2 and 8 s À1 at 37 C (Beringer et al., 2005; , i.e., significantly below the in vivo rate of 22 s À1 , in which the translocation time is included. The finding that near-cognate and noncognate ternary complexes have high affinity to the ribosome implies that these ternary complexes are very potent inhibitors of protein elongation in vivo, suggesting an in vivo protein elongation rate close to 1 s À1 (Johansson et al., 2008) , much smaller than the experimentally determined in vivo rate . In this work, we have used a cell-free system for protein synthesis (Jelenc and Kurland, 1979; Ruusala et al., 1982; Wagner et al., 1982) to monitor with quench-flow techniques the rate of GTP hydrolysis on EF-Tu and the rate of ribosome-catalyzed peptidyl transfer in single turnover experiments at different temperatures. The original aim of our work was to provide in vitro assays for the authentic peptidyl-transfer reaction with rate constants compatible with the rate of protein elongation in vivo. This would, we hoped, create a kinetic window suitable for the study of peptidyl transfer under in vivo realistic conditions and, possibly, for critical testing of current models of peptidyl transfer. We were, in particular, interested in the temperature dependence of peptidyl transfer to compare with model predictions Å qvist, 2005, 2006) and experimental data from aminoacyl-tRNA analogs (Sievers et al., 2004) for the activation enthalpy and entropy of the chemistry of this reaction.
We found the overall rate of peptide bond formation for all steps subsequent to GTP hydrolysis on a cognate ternary complex to be 160 s À1 at 37 C. The temperature dependence of the rate of peptidyl transfer reveals very small activation entropy and relatively large activation enthalpy, strikingly similar to the activation enthalpy and entropy found for peptidyl transfer to the aminoacyl-tRNA analog puromycin (Sievers et al., 2004) . Our data are also compatible with the temperature dependence of the rate of the RNA-catalyzed peptidyl transfer predicted from crystal structure and molecular computations Å qvist, 2005, 2006) . This correspondence raises the interesting possibility that the chemistry of peptidyl transfer in our optimized in vitro system (Jelenc and Kurland, 1979) is not completely masked by tRNA accommodation, in contrast to what has been found previously . We have also found that the strong inhibitory action of near-cognate and noncognate ternary complex on the protein elongation cycle is absent in our system, which makes our kinetic in vitro data fully compatible with what is known about the average rate of protein elongation in living E. coli cells . Accordingly, the present work has closed the previously existing gap between in vitro kinetics of the ribosome and the rate of protein elongation in vivo. This we deem as important, since it may allow for quantitative modeling of protein synthesis in vivo based on biochemical data for eventual clarification of the ultimate determinants of cognate protein elongation rate, codon usage, and missense errors in the living cell.
RESULTS

Peptide Bond Formation Rates at Varying Ternary Complex Concentrations
The extent of dipeptide formation at varying incubation times after rapid mixing of initiated 70S ribosomes, containing P sitebound f[
35 S]Met-tRNA fMet and a Phe-codon (UUU) in the A site, with preformed EF-Tu$Phe-tRNA Phe $GTP ternary complex at excess concentration, was monitored by using a quench-flow instrument. The overall rates of dipeptide formation were estimated from reaction mean times for the various ternary complex concentrations (see ''Data Analysis''). The experiments were performed at 37 C ( Figure 2A ) and at 10 C, 15 C, 20 C, and 30 C. The maximal overall rate constants for dipeptide formation, k ðdipÞ cat , were estimated by nonlinear fitting of the inverse of reaction mean times plotted versus ternary complex concentrations to the hyperbolic Michaelis-Menten equation, as shown in Figure 2B for the results at 37 C. increased moderately from 7 to 29 mM À1 s À1 and from 1.2 to 4.5 mM, respectively. In order to determine the contribution of the GTP hydrolysis reaction to the overall rate of peptide peptide bond formation, we measured the maximal rate of GTP hydrolysis, as described in the next section.
Maximal Rate of GTP Hydrolysis
The maximal rate, k ðGTPÞ cat , of the GTP hydrolysis on EF-Tu that precedes peptidyl transfer (Figure 1 ) was estimated from experiments in which preformed EF-Tu$Phe-tRNA Phe
$[
3 H]GTP ternary complexes at near-saturating concentration were rapidly mixed with initiated 70S ribosomes as described in the previous section. The rate of GTP hydrolysis was considered as maximal when it remained unaltered by variations in ternary complex concentrations. The experiments were performed at 10 C, 15 C, and 20 C and the maximal GTP hydrolysis rates were estimated by nonlinear fitting of the data to single exponentials ( Figure 2C ). Going from 10 C to 20 C, the GTP hydrolysis rate increased from 32 to 120 s À1 (Table 1) . At higher temperatures, GTP hydrolysis was too fast for the time resolution of our quench-flow instrument, and here we estimated k
values from the activation enthalpy and entropy for the reaction (Table 2, see next section). With access to the maximal rates of both peptidyl transfer and GTP hydrolysis at different temperatures, we could determine activation enthalpies and entropies for both these steps and, in particular, compare our estimated activation parameters for peptidyl transfer with those predicted from theory Å qvist, 2005, 2006) or obtained with the aminoacyl-tRNA analog puromycin (Sievers et al., 2004 ), as will be described next.
Activation Energies for Peptidyl Transfer
Subtraction of the minimal time for GTP hydrolysis ð1=k ðGTPÞ cat ) from the overall minimal time for dipeptide formation ð1=k ðdipÞ cat ) approximates the mean time ð1=k pep Þ for the ribosome to complete all steps that lead up to and include peptidyl transfer after GTP hydrolysis. The approximation requires insignificant proofreading of the cognate aminoacyl-tRNA, or its rapid dissociation after GTP hydrolysis on EF-Tu by proofreading (see ''Data Analysis''). The estimates of 1=k ðGTPÞ cat were subtracted from the estimated 1=k
ðdipÞ cat values, and the resulting estimates of the k pep values at the five incubation temperatures of our experiments are shown in Table 1 . The k pep values increased from 11 s À1 at 10 C to 160 s À1 at 37 C (Table 1) . Plots of R$lnðk$h=ðk B $TÞÞ versus the inverse absolute temperature 1/T (''Data Analysis''), where R is the molar gas constant, h is Planck's constant, k B is Boltzmann's constant, and k is either k pep or k ðGTPÞ cat , resulted in two straight lines (Figure 3 ). From these, we estimated activation enthalpies, DH z , and activation entropies, as 21 kcal/mol and 7 kcal/mol, respectively ( Figure 3 , Table 2 ). Our DH z and TDS z estimates for k pep are very similar to those previously obtained for the maximal rate of peptidyl transfer to the aminoacyl-tRNA analog puromycin present at saturating concentration (Sievers et al., 2004) . In the next section, we describe for comparison the peptidyl-transfer kinetics when Phe-tRNA Phe is near cognate to ribosomes programmed with the CUU Leu codon.
Near-Cognate Reaction EF-Tu$Phe-tRNA Phe $GTP ternary complexes were reacted with initiated 70S ribosomes displaying the tRNA Phe near-cognate Leu codon CUU in the A site, and the extent of dipeptide formation was monitored at varying incubation times and ternary complex concentrations. Variation of the ternary complex concentration from 1 to 20 mM gave an almost linear increase in the dipeptide formation rate (Figure 4 ), suggesting a K M value larger than 20 mM. . Our biochemical data suggest much faster kinetics and much higher accuracy in the peptidyl-transfer reaction than previously reported. One a priori assumed reason is the different buffer conditions and experimental setup, and we decided to perform key experiments also under the standard conditions of other groups in the field.
Peptide Bond Formation in Tris Buffer
Many recent studies of protein synthesis in vitro have been carried out in Tris buffer Cochella et al., 2007; Cochella and Green, 2005; rather than in polymix buffer. To compare, the cognate peptide bond formation rate was measured also in Tris buffer at 20 C in experiments with purified initiated 70S ribosomes with a Phe codon (UUU) in the A site in excess over purified EF-Tu$[
3 H]Phe-tRNA Phe $GTP ternary complexes ( Figure 5A ) as well as in experiments in which ternary complexes were in excess over initiated 70S ribosomes. A weak Shine-Dalgarno mRNA (mRNA 022 [La Teana et al., 1993] ) often used by Rodnina and collaborators Kothe and Rodnina, 2007; was used in both these experimental setups. The experiments were performed at different concentrations of the reactant in excess, and the maximal overall rate constants for dipeptide formation, k ðdipÞ cat , were estimated by nonlinear fitting of the inverse of reaction mean times plotted versus the excess 
Puromycin reaction data are from (Sievers et al., 2004) . Uncatalyzed peptidyl-transfer data are from (Schroeder and Wolfenden, 2007) . For DG and TDS values, T is 25 C.
reactant concentrations to the hyperbolic Michaelis-Menten equation ( Figure 5B ). Similarly, k ðdipÞ cat at 37 C was estimated from titrations of ternary complex in excess over initiated ribosomes, carrying either mRNA 022 or the strong Shine-Dalgarno mRNA XR7, used in our polymix experiments ( Figure 5C Figure 5C ). At the same time, the change of experimental method (from ternary complex in excess over initiated 70S ribosomes to purified initiated ribosomes in excess over purified ternary complexes) or the change of Shine-Dalgarno sequence did not significantly affect k ðdipÞ cat in Tris buffer ( Figures 5B and 5C ).
DISCUSSION
We have used a cell-free system for protein synthesis with heteropolymeric mRNAs and E. coli components of high purity (Pavlov and Ehrenberg, 1996) to characterize the cognate interaction between an EF-Tu$GTP$aminoacyl-tRNA ternary complex and an initiated 70S ribosome with respect to the rate of GTP hydrolysis on EF-Tu and the rate of peptidyl transfer (Figure 1) . The overall rate constant of peptide bond formation, defined as the inverse of the mean time of all reaction steps starting from the association of a cognate ternary complex to an initiated 70S ribosome, was estimated from titrations of ternary complex in excess over ribosomes as 130 s À1 at 37 C (Figures 2A and 2B , Table  1 ). Although the maximal rate of GTP hydrolysis was too large for the time resolution of our quench-flow instrument, we could measure it at lower temperatures ( Figure 2C ) and, by extrapolation (Figure 3) , estimate the rate constant for GTP hydrolysis as about 900 s À1 at 37 C. By subtracting the mean time for GTP hydrolysis from the overall mean time for peptide bond formation, we estimated the compounded rate constant of peptidyl transfer at 37 C for all steps after GTP hydrolysis as 160 s À1 (Table 1 ).
The single turnover rate constants we report here for GTP hydrolysis and peptidyl transfer are significantly larger than previous estimates from a poly(U)-translation system of 100 s À1 for GTP hydrolysis and 50 s À1 for all steps leading to peptidyl transfer after GTP hydrolysis (Bilgin et al., 1992) . The difference may be explained by the present use of a heteropolymeric mRNA, which we deem as a more realistic analog of intracellular mRNAs than the homopolymer poly(U). What is more surprising is that the present estimates of the compounded rate constants for peptidyl transfer at 37 C are more than 10-fold larger than estimates from other groups also using heteropolymeric mRNAs Cochella et al., 2007; Cochella and Green, 2005; Thomas et al., 1988) . Possible a priori explanations for the difference are the use of different buffer systems, i.e., polymix buffer in our case versus Tris buffers; different mRNAs, i.e., mRNA XR7 with strong SD sequence in our case versus mRNA 022 with comparatively weak SD sequence ; or the use of ternary complex in excess over ribosomes in our case versus the use of ribosomes in excess over purified ternary complex. Surprisingly, however, our control experiments show that these variations in experimental setup account for but a small part of the differences in rate of peptide bond formation at 37 C, i. Figure 5 ). The kinetic discrepancies that remain for the Tris-based experiments, with the same mRNAs and ribosomes purified in almost identical manner from the same E. coli strain, are hard to understand from published protocols (see the Supplemental Data available online), and their resolution would ideally be accomplished by collaborative efforts of the different groups. There are, however, clear differences in the degree of saturation of bimolecular reaction rates, and there are principal differences between the data evaluation procedures of the different laboratories, which may remove a large part of what now appears as intrinsic properties of different biochemical systems.
The remarkably large rate of peptidyl transfer, which we report here, leads to the question of whether we, in fact, measured the rate constant for the chemistry of the peptidyl-transfer reaction (k pt in Figure 1 ) or a tRNA accommodation rate constant (k ac in Figure 1 ), much larger than suggested by previous estimates (Beringer and Rodnina, 2007; Kothe and Rodnina, 2007; Ogle and Ramakrishnan, 2005; . To address this question, we studied the temperature dependence of the rate constant, k GTP , for GTP hydrolysis on EF-Tu and the rate constant, k pep , for peptidyl transfer after GTP hydrolysis, to compare activation enthalpies and entropies (Table 2) with published data on the temperature dependence of the rate of peptidyl transfer from peptidyl-tRNA in the P site to the aminoacyl-tRNA analog puromycin (Sievers et al., 2004) .
The rate constant of a chemical reaction depends on an activation enthalpy, DH z , and an activation entropy, DS z , according to Equation 14 in ''Data Analysis'' (Evans and Polanyi, 1935; Eyring and Polanyi, 1931) . Fitting our estimates of k pep to this equation (Figure 3) , we estimated DH z as 17.0 kcal/mol and TDS z at 25 C as 2 kcal/mol. From our control experiment in Tris buffer ( Figure 5 ), we estimated DH z as 13.0 kcal/mol and TDS z at 25 C as À3 kcal/mol. The latter estimates are less precise than those from the more extensive experiments in the polymix buffer system but tell a similar story with a high activation enthalpy and small activation entropy.
These activation parameters are similar to those for the puromycin reaction (Sievers et al., 2004) (16.5 kcal/mol), due to the much larger rate of peptidyl transfer in our system. The activation enthalpies and entropies found by Sievers et al. and now by us (Table 2 ) agree with activation parameter estimates derived from molecular computations Å qvist, 2005, 2006 ) based on a crystal structure of the 50S subunit (Hansen et al., 2002) . Accordingly, the activation parameters we have estimated are compatible with the hypothesis that under our conditions the rate-limiting step for peptide bond formation is the chemistry of peptidyl transfer rather than the rate of tRNA accommodation. However, a definitive answer to this question will require further experiments, including monitoring of tRNA accommodation by fluorescence and determination of the pH dependence of the rate of transfer of peptide from peptidyl-tRNA in the P site to aminoacyl-tRNA in the A site. The latter experiment is particularly relevant, since the chemistry of peptidyl transfer requires the absence of the a-ammonium proton of the receiving amino acid, while accommodation is expected to have no pH dependence . The average rate of protein elongation in E. coli cells growing in rich media has been estimated as 22 s À1 . This in vivo estimate is based on the definition of the bacterial growth rate m (Supplemental Data), as determined by the average protein elongation rate (v e ); the ribosome concentration in the cytoplasm ([R]); the concentration of amino acids in all intracellular proteins (r 0 ); and the fraction, a, of ribosomes in elongation phase, estimated as 85% from the fraction of ribosomes in polysomes (Bremer and Dennis, 1996) . The growth rate itself, and the four parameters that relate growth rate to protein elongation rate, can be accurately estimated, and since the in vivo elongation rate includes translocation, the average rate of the partial peptidyl-transfer reaction must be considerably larger than 22 s À1 . According to this criterion, our biochemical data for peptidyl transfer are fully compatible with the in vivo rate of protein elongation. However, in vivo compatibility also requires that the protein elongation is not strongly inhibited by the presence of high concentrations of noncognate and near-cognate ternary complexes in the living cell, and in this context other distinguishing features of the present work become important.
Such features are that the K M value for near-cognate reading of the Leu codon CUU by a Phe-tRNA Phe -containing ternary complex is estimated to be larger than 20 mM (Figure 4 ), and the accuracy by which the first position C in this codon discriminates against the U-reading Phe-tRNA Phe is estimated as about one million. This is in contrast to the previously reported small K M values (0.2 mM) for near-cognate ternary complexes, the mRNAindependent high-affinity binding (0.6 mM) for noncognate ternary complexes, and the comparatively small accuracy related to near-cognate codon reading . We have recently demonstrated how such high-affinity binding of noncognate ternary complexes to the ribosome may severely inhibit the rate of protein elongation and significantly reduce the growth rate of bacterial cells (Johansson et al., 2008) (Supplemental Data) . We have also demonstrated theoretically how suboptimal use of the maximal possible selectivity of codon-anticodon interactions may lead to severe inhibition of protein elongation by near-cognate ternary complex (Johansson et al., 2008) . These considerations suggest a very clear maximum for cognate protein elongation in the living cell at an optimal choice of accuracy in codon reading, in contrast to our previous analysis in which the inhibitory effects of near-cognate codon reading were not taken into account . Interestingly, in single-molecule FRET experiments, Puglisi, Chu, and collaborators did not see the FRET signal from a codon independent initial binding step. While they explained this absence of a signal as due to a long distance between the FRETfluorophores (Blanchard et al., 2004; Lee et al., 2007) , an alternative explanation could be the lack of such high-affinity binding, in line with our finding that near-cognate tRNA has a very high K M value in peptidyl transfer (Figure 4) .
In conclusion, the present data set has opened an in vivo relevant kinetic window for the study of peptidyl transfer on the bacterial ribosome. We are optimistic that our improved biochemistry will now permit studies of the pH dependence of the rate of peptidyl transfer to an aminoacyl-tRNA, rather than just an aminoacyl-tRNA analog, in the A site of the ribosome, which so far has been out of experimental reach (Beringer and Rodnina, 2007) . Such and related studies will allow for rigorous experimental testing of current proposals for the mechanism of peptidyl transfer (Schmeing et al., 2005a (Schmeing et al., , 2005b Å qvist, 2005, 2006) and facilitate identification of kinetic steps related to tRNA accommodation and the chemistry of peptidyl transfer. The in vivo compatibility of our data bears promise that extension of our experimental setup to other cognate and near-cognate reactions will provide the key to an understanding of the ultimate determinants of cognate protein elongation rate, codon usage, and missense errors in the living cell.
EXPERIMENTAL PROCEDURES
Chemicals and Buffers
Radioactive nucleoside triphosphates and amino acids were from GE Healthcare. Phosphoenolpyruvate (PEP), myokinase (MK), pyruvate kinase (PK), putrescine, spermidine, and nonradioactive amino acids were from SigmaAldrich. tRNA Phe was from Chemical Block (Moscow, Russia) and SigmaAldrich. All other chemicals were of analytical grade from Merck. Except where noted, the experiments were carried out in polymix buffer (95 mM KCl, 5 mM NH 4 Cl, 5 mM Mg[OAc] 2 , 0.5 mM CaCl 2 , 8 mM putrescine, 1 mM spermidine, 5 mM potassium phosphate [pH 7.5], and 1 mM DTE [Jelenc and Kurland, 1979] ). The Tris buffer used has a final composition of 50 mM Tris-HCl (pH 7.5), 70 mM NH 4 Cl, 30 mM KCl, 3.5 mM MgCl 2 , 0.5 mM spermidine, 8 mM putrescine, and 2 mM DTE.
Preparation of Ribosomes 70S ribosomes were prepared at 4 C as follows. E. coli MRE600 cells (50 g, wet weight) were opened by French press in 200 ml of 20 mM Tris-HCl (pH 7.5), 100 mM NH 4 Cl, 10 mM magnesium acetate, 0.5 mM EDTA, 3 mM 2-mercaptoethanol, and DNase I (0.3 mg/ml, RNase-free, GE Healthcare). The cell debris was pelleted and discarded by centrifugation for 30 min at 17,000 rpm in a Sorvall SS34 rotor and 30 min at 22,000 rpm in a Beckman Ti 50.2 rotor.
The supernatant was applied in 11 ml portions on 11 ml of sucrose cushion (1.1 M sucrose in 20 mM Tris-HCl [pH 7.5], 0.5 M NH 4 Cl, 10 mM magnesium acetate, 0.5 mM EDTA, 3 mM 2-mercaptoethanol) and centrifuged for 18 hr at 28,000 rpm in a Ti 50.2 rotor . The ribosome pellets were washed, dissolved in the same buffer without sucrose, and subjected to another cushion centrifugation (10 ml ribosomes on 6 ml cushion for 8 hr at 35,000 rpm). Pellets were resuspended in buffer (20 mM Tris-HCl [pH 7.5], 60 mM NH 4 Cl, 5.25 mM magnesium acetate, 0.25 mM EDTA, 3 mM 2-mercaptoethanol), and the 70S ribosomes were isolated by zonal centrifugation in a Beckman Ti 15 rotor (15 hr, 28,000 rpm) on a sucrose gradient from 10% to 40% (1.4 l) in the same buffer.
The 70S peak was collected, and the ribosomes were pelleted (Ti 50.2, 19 hr, 38,000 rpm), resuspended in Tris or polymix buffer, frozen in small portions in liquid nitrogen, and stored at À80 C (see the Supplemental Data for changes from the original protocol as presented in ).
Other Components of the In Vitro Translation System Synthetic mRNAs, encoding fMet-Phe-Thr-Ile-STOP (UUU as Phe codon) or fMet-Leu-Thr-Ile-STOP (CUU as Leu codon) with either a strong Shine-Dalgarno (SD) sequence (mRNA XR7, containing the same sequence upstream of the start codon as the mRNA 002 of Calogero et al. [1988] ) or a weak SD sequence (mRNA 022 La Teana et al., 1993] ) were prepared according to Pavlov and Ehrenberg (1996) . f[ 35 S]Met-tRNA fMet and tRNA Leu2 was prepared as described in Sørensen et al. (2005) . Initiation factors were purified from overproducing strains according to Antoun et al. (2004) . Elongation factors EF-Tu and EF-Ts were purified according to Ehrenberg et al. (1990) . as tRNA or at least 0.25 mM), EF-Ts (2 mM), PheRS (0.2 units/ml), and phenylalanine (200 mM) was incubated for 15 min at 37 C in order to form EF-Tu$GTP$ Phe-tRNA Phe ternary complexes. In addition, both mixtures contained GTP
(1 mM), ATP (1 mM), PEP (10 mM), PK (50 mg/ml), and MK (2 mg/ml). The two mixtures were rapidly mixed in equal volumes in a temperature-controlled quench-flow instrument KinTek Corp.) , where the reaction is stopped at different times by the rapid addition of quench liquid (here 17% final concentration formic acid). The extent of dipeptide formation was analyzed by RP-HPLC according to Pavlov et al. (1997) .
Measurement of the GTP Hydrolysis Rate
A ribosome mixture was prepared as described above. The ternary complex mixture was prepared by first incubating EF-Tu in 1:1 ratio with [ 3 H]GDP for 15 min at 37 C and then adding it to the other components of the mixture as described above. In order to get as high a radioactive signal as possible but still keep the concentration of nucleotides constant, the 1 mM GTP in the ternary complex mixture was exchanged to 1 mM of extra ATP. The tRNA Phe concentrations, which are limiting the final ternary complex concentration, were 1.5 and 2 mM at 10 C, 3 and 4 mM at 15 C, and 4 and 5 mM at 20 C. Time points were taken using the quench-flow instrument. The quenched samples were centrifuged for 15 min at 14,000 rpm, and the [ 3 H]GTP and [ 3 H]GDP in the supernatants were separated by using thin-layer chromatography (Bilgin et al., 1992 IF1, IF2, IF3 (5 mM each), and GTP (1 mM) in polymix at 37 C for 30 min, were purified on a Sephacryl S-300 gel filtration column (GE Healthcare). The concentration of the purified complexes was determined by UV absorbance and [ 35 S]Met radioactivity. The purified complexes (0.14 mM final reaction concentration) were incubated with equal volumes of preformed EF-Tu$GTP$Phe-tRNA Phe ternary complexes (prepared as described above, with twice the concentration of ATP, GTP, and PEP) with final concentrations ranging from 1 to 20 mM for 20 min at 37 C. The reactions were stopped by the addition of formic acid (17 % final), and the extent of dipeptide formation was analyzed as described above. The amount of ribosomes active in dipeptide formation was measured in parallel by incubating the purified initiated ribosomes with cognate ternary complex (2 mM), consisting of EF-Tu, GTP, and Leu-tRNA Leu2 , for 10 s at 37 C and analyzing the dipeptide formation the same way as described above.
Measurement of Dipeptide Formation Rate in Tris Buffer
Ribosome mixtures and ternary complex mixtures were prepared as described above, but instead of polymix buffer the reactions took place in Tris buffer. For experiments in which ternary complexes were in excess over ribosomes, the mixes contained 0.5 mM each of ATP and GTP and 3 mM PEP, and the mRNA was either XR7 or 022 with UUU in second codon position. Other components were as described above. For experiments in which ribosomes were in excess over ternary complexes, the initiated ribosomes, now containing low radioactive f[ 35 S]Met-tRNA fMet , were purified by centrifugation through a sucrose cushion according to , and ternary complexes, containing [ 3 H]Phe, were purified by gel filtration according to . The dipeptide formation rate was measured by using the quenchflow instrument as described above.
Data Analysis Using Mean-Time Calculations
The scheme in Figure 1 illustrates how the binding of a ternary complex (T 3 ) to a posttranslocation ribosome (R) initiates the series of events that eventually leads to formation of a peptide bond or rejection of the aminoacyl-tRNA originally in T 3 . In a steady-state context, such schemes have Michaelis-Menten kinetics, with well-defined k cat and k cat /K M values. However, peptide bond formation is frequently monitored in single-round experiments (Bilgin et al., 1992; Cochella and Green, 2005; Thompson et al., 1981) . The relation between the time evolution of peptidyl transfer in singleround experiments performed at varying substrate concentrations and Michaelis-Menten parameters is therefore important. When ternary complex in excess is added to ribosomes with initiator tRNA in the P site, the normalized fraction of dipeptides, dip(t), will increase from zero to one in a complex way not explained by a simple single exponential equation. However, the time evolution of the extent of the reaction is related to the Michaelis-Menten parameters in a simple manner through the residence mean times of all the steps leading from ternary complex binding to peptidyl transfer (Bilgin et al., 1992; Lovmar and Ehrenberg, 2006) . For the scheme in Figure 1 , this relation is as follows:
Here, t dip is the average time it takes for a dipeptide to be formed starting from free ribosomes and ternary complexes. The parameters k GTP , k tu ; k ac , q d , and k pt are the first order rate constants for GTP hydrolysis on EF-Tu, release of EF-Tu$GDP from the ribosome, aminoacyl-tRNA accommodation in the A site , release of aminoacyl-tRNA from the ribosome by proofreading, and peptidyl transfer, respectively (Figure 1) . ðk cat =K M Þ ðGTPÞ is the association rate constant, k a , for ternary complex binding to the ribosome (Figure 1 ) multiplied by the probability that the binding event is followed by GTP hydrolysis on EF-Tu (Ruusala et al., 1982) :
The proofreading parameter, f, is the average number of GTP molecules hydrolyzed per peptide bond and is given by Bilgin et al. (1992) :
Accordingly, the inverse of f is the probability that GTP hydrolysis on EF-Tu eventually results in peptide bond formation. The k cat =K M parameter for peptide bond formation, ðk cat =K M Þ ðdipÞ , is the association rate constant, k a , for ternary complex binding to the ribosome (Figure 1 ) multiplied with the probability that this results in peptidyl transfer. Accordingly, ðk cat =K M Þ ðdipÞ is related to ðk cat =K M Þ ðGTPÞ through Ruusala et al. (1982) :
The mean time for GTP hydrolysis at excess ternary complex concentration is related to the parameters in Figure 1 through the following:
At saturating ternary complex concentration, Equation 5 becomes the following:
In experiments in which the ribosome concentration, [R] , rather than the ternary complex concentration, is in excess (Cochella and Green, 2005; , the mean times related to GTP hydrolysis ðt 
Note that for sufficiently small ribosome concentration, both (t 
Cognate Reaction
The measured time course of dipeptide formation, dip(t), had a distinct delay, followed by single exponential behavior (Figure 2A ). The integral in Equation 1 was approximated from the experimental data points using Simpson's rule when 0 % t % t s and from a single exponential function for dip(t) at longer times:
P in Equation 9 is the plateau of the exponential fit, and P(1-H) gives the intercept with the ordinate.
The time courses of GTP hydrolysis, at saturating ternary complex concentrations, fitted well to a single exponential equation (Figure 2C ), implying that the parameter f in Equation 6 was very close to one (i.e., the cognate tRNA was insignificantly proofread) or that the rate constants k tu , k ac , and q d were much larger than k GTP . Accordingly, 1=k ðGTPÞ cat was approximated by f/k GTP , and its subtraction from t dip estimated the mean time for all events after GTP hydrolysis:
Near-Cognate Reaction For the near-cognate dipeptide formation reaction, f was much larger than one (Bilgin et al., 1992; Ruusala et al., 1982) so that the GTP hydrolysis flows were in quasi-steady state throughout the dipeptide formation reaction (Lovmar and Ehrenberg, 2006) . Accordingly, the normalized time course of the dipeptide formation could be approximated by a single exponential,
where k dip is given by Equation 1. During our incubation times, k dip $t was much smaller than one, so that Equation 11 was approximated by its first order Taylor expansion:
The k dip values at different ternary complex concentrations ( Figure 4 ) were used in Equation 1.
Activation Energy Calculations
According to transition-state theory (Evans and Polanyi, 1935; Eyring and Polanyi, 1931) , the rate constant, k, of a chemical reaction can be expressed in terms of its activation enthalpy, DH z , and activation entropy, DS z , as
Here, R is the gas constant, T the absolute temperature, k B Boltzmann's constant, h Planck's constant, and k the transmission factor, i.e., the probability of going to product rather than back to substrate at transition state. Setting k = 1 in accordance with Sievers et al. (2004) and rearranging brings Equation 13 into the form
Experimental estimates of k were used to calculate the left side of Equation 14, which was plotted versus the inverse of the temperature T to estimate the activation enthalpies and entropies for peptidyl transfer (k pep ) and GTP hydrolysis (k GTP ) (Figure 3 ). 
